Abstract-The aim of this paper is to present a method of avoiding regeneration onto the supply from a Matrix Converter based motor drive. The avoidance of regeneration is important in many aerospace applications, such as aircraft actuation and refueling systems. In order to detect regeneration in the Matrix Converter, two techniques are proposed. These are the Power Comparison method and Input Voltage Reference method. The results of the proposed methods show that Matrix Converter is a feasible alternative for this application rather than the two-stage DC-Link converters. Experimental results from a prototype, using a 5.3-hp induction motor are presented.
I. INTRODUCTION
Currently, the conventional Matrix Converter (MC) is being considered in many aerospace applications because of its compactness in weight and size due to the absence of a DClink. A Matrix Converter is a direct ac -ac power converter which is able to produce variable output voltage with unrestricted output frequency. Especially, aerospace applications require wide range of input frequency from 390Hz to 800Hz. A Matrix Converter comprises of nine BiDirectional switches as shown in fig.1 . Each Bi-Directional Switch (BDS) can connect any input phase to any output phase according to the basic rules explained in [1] . In addition, it has the advantages of sinusoidal input and output, controllable power factor and inherent regeneration capability. However, the maximum voltage transfer ratio is limited to 0.866. This paper describes how the prominent property (regeneration) of the Matrix Converter drive can be avoided for aerospace and industrial applications. The paper also briefly explains why regeneration sometimes has been avoided. Adaptation of proposed mechanism in aircraft as depicted in fig.2 . The proposed regeneration avoidance method has been proved in simulation using SABER. Practical results are presented from a 4--kW laboratory prototype.
The proposed method can be applied to Matrix Converter if they were to be used in a range of aerospace applications, including control surface actuation and in-flight refueling control systems. It is possible for motor drives in these applications to feed back energy into the aircraft supply. According to aircraft power quality specifications, this regeneration is not allowed and must be dissipated with in motor drive. Two methods for detecting regeneration from motor drives are presented in this paper. In Power Comparison method (PC), the motor output power is used as reference for PWM generation to trigger the switches in regeneration control circuit. The Input Voltage Reference (IVR) method is similar to dynamic braking in DC machines. The input capacitor voltage is used as reference instead of the DC-Link voltage. For both methods, direction of speed and torque producing current (I sq ) identification is precious to detect the four quadrant operation in motor for regeneration control. An architecture for surface actuator control system with regeneration control is shown in fig.3 . Motor control unit (MCU) is responsible for sending control signals to regeneration control unit otherwise it can cause major power quality problems in aircraft power supply. Two-stage DC-Link converters could be used in the MCU for flight control. DC-Link converters are heavier and larger than a direct power converter. The addition of a regeneration control system further increases this size and weight. To reduce the size and weight a Matrix Converter could be used. However, inherent regeneration from the Matrix Converter is not desirable in aerospace application, so it has to be avoided.
In order to dissipate the regenerative energy three resistors can be connected across the input lines in parallel with the input filter capacitors. Bi-Directional switches will be used to control the amount of energy which is absorbed by the resistors. These switches will be controlled by a PWM signal from the regenerative power controller.
II. CLOSED LOOP SYSTEM

A. Modulation Algorithm for Matrix Converter
In order to obtain the complete control of output voltage and input displacement factor (input power factor) of Matrix Converter Space Vector Modulation (SVM) algorithm is used. SVM is already defined in many research papers [3] .
In a Matrix Converter 27 switching states are possible. In first 6-switching states each output phase connected to the different input phase that is direct coupling between the input and output phases called rotating vectors. The next 18-swithcing states are called the stationary vectors, two output phases connected to the same input phase so that one of line to line voltage is zero. The remaining three switching states connect different output phases to the same input phase are called null or zero vectors.
B. Current Commutation for Bidirectional Switches in MC
Achieving proper current commutation in Matrix Converter is very difficult as absence of inherent free wheeling paths. Current commutation is restricted to follow the basic rules [1] . Matrix Converter comprises of nine bidirectional switches which gives 512 (2 9 ) possible switching states. The basic switching rules [1] of Matrix Converter state that input lines must never be short-circuited and during the operation at any instant, the output must never be opened.
To illustrate four step commutation, consider any two different input phase switches of a Matrix Converters as highlighted in fig.5 . Based on output current direction, fig.4 . This process is practically implemented by using ACTEL FPGA A500K050. A commutation time 0.5usecs is used between each switch state and 12.5 kHz is used as sampling frequency. Four step commutation is suitable than dead time and three step commutation well explained in [4] .
C. Sensored Indirect Field oriented Vector Control
Induction motors are superior to other motor technologies in terms of robustness, reliability and low cost. However, ac motors have inherently poor dynamic behavior because the rotor flux is relative to the stator flux, dependent upon slip speed, and hence both are not always orthogonal position. So that armature flux and torque is not independently controlled. In order to overcome aforementioned problem in AC motors, the sensored indirect field oriented control is used. The aim of the vector control is to decouple the vectors of armature flux and field current so that both field current and torque are independently controlled and good torque response can be obtained. The concept of vector control is that 3-phase stator line currents are transformed into 2-phase stationary frame which are now considered as dc-quantities. In order to get the rotating reference frame, the knowledge of rotor flux angle is necessary which can be calculated by sensing rotor position using rotary incremental encoder as shown in fig.5 . The stationary frame transformed into rotating reference frame by using rotor flux angle. This frame is rotating at synchronous angular velocity. The direct axis or real axis component is responsible for armature flux i.e., field producing current and it is maintained constant If d-axis is aligned with rotor flux vector and the system is said to be field oriented vector controlled.
The q-axis component is responsible for torque producing current. These two vectors are perpendicular to each other so that field current and torque current can be controlled independently. The outer control loop is speed control loop. The output current demand from this controller is limited up to 35A by using limiter with anti-windup circuit. The selection of bandwidth depends upon torque level and the inertia of the machine. For this demonstration a bandwidth of 5Hz is chosen. The induction motor used is rated at 415v delta connected, 4 -pole, 50Hz. The design procedure for both dqcontrollers (for filed producing current and torque producing current) is same except bandwidth 200Hz is used [5] . 
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Generation of 18 pulses for MC using SVM control strategy + Generation of 6-pulses for proposed avoiding regeneration control using input voltage reference and output power. 
III. REGENERATION IN MATRIX CONVERTER
A. Regeneration Regeneration is energy saving process where mechanical energy (of an induction motor) is transferred into electrical energy fed back to the supply. In a closed loop vector control operation under regeneration, caused for example by rapidly reversing the speed of the motor, the load is decelerated quickly with respect to speed so that the motor act as a generator and regeneration occurs. This regenerated energy is fed back to the main supply of the Matrix Converter. Dissipating this excessive input power is the aim of this research. In principle, the amount of energy dissipation is based upon the input power and output power and the BiDirectional Switches(BDS) of the dissipation circuit are turned on and off accordingly as highlighted in fig.5 . Two methods for detection of regeneration are investigated:
The input filter capacitor of 5.9741uf and 0.5mH of inductance is placed in each input phase of Matrix Converter.
B. Power Comparison method(PC)
The input voltage and current waveforms are used to calculate the matrix converter input power. The machine torque producing current, I sq and measured rotor speed, r are used to calculate the output power of Matrix Converter, as defined in fig.6 . Power dissipation through three resistors is directly proportional to the duty cycles of their Bi-Directional switches:
here, D = duty cycle of Bi-Directional Switch(BDS) and P dis = Power dissipation.
The duty cycle calculation requires maximum electrical braking power (P mb ) which is calculated using equation (2) . The duty cycle of bi-directional switch is nearly unity when braking power is maximum.
T e = Electromagnetic torque and r = rated speed in rad/s
The duty cycle is reduced linearly with the required dissipation to avoid regeneration. The Digital Signal Processor (DSP) program checks to the regenerative power is dissipated by checking the input power calculation. The Motor will feed back the whole of the regenerated power because of losses such as friction, windage and iron losses in the motor and switching losses in Matrix Converter. Therefore the resistor dissipates the slightly less power than the actual motor regenerative power. 
Where braking current (I b ) and input power (P in ) is directly related to input voltage and current. The braking resistor (R b ) design also depends on the braking time. The braking current is calculated as given equation (4). The value of I b should be slightly less than the current rating of BDS of the dissipation circuit, is safe.
C. Input Voltage Reference method(IVR)
The IVR method is simpler method as it requires only one reference, the voltage across the input filter capacitor as in fig.7 . However, the duty cycle of the BDS for the dissipation resistors will not vary linearly.
The duty cycle variation is directly proportional to the excessive input line to line voltage under regeneration condition as in (5) . For example, under motoring condition the If the V C is equal to the supply line to line voltage then the duty cycle is set to zero. According to the variation in the duty cycle, the resistors are connected in or out of the circuit through the Bi-Directional Switch by means the negative power is reduced to zero hence and regeneration to the supply are completely avoided.
D. Comparison between PC and IVR methods
In PC method duty cycle variation is considered as advantage when compared to IVR method. Major differences between two methods are briefly described in table-1. 
IV. SIMULATION RESULTS
In order to explain the regeneration process of Matrix Converter, the closed loop operation of vector controlled induction motor drive is simulated using SABER. 
VI. CONCLUSIONS
Based on validated simulation results, avoiding regeneration with a Matrix Converter drive is feasible. Therefore Matrix Converters are suitable for aero space applications such as aircraft surface actuation systems and in-flight refuelling systems where regeneration into the supply is not allowed. Even though both proposed methods can produce good results, the PC method is preferable to the IVR method because it is more robust and less susceptible to input voltage disturbances.
